Segmented filamentous bacteria (SFB) are nonpathogenic bacteria that are commonly found attached to the intestinal walls of many animals. Until now, these bacteria have not been cultured in vitro. Recently, a 16s
rRNA sequence analysis revealed that SFB isolated from mice represent a distinct subline within the Cfostridium subphylum of the gram-positive bacteria. Since SFB isolated from mice, rats, and chickens are known to be host specific, we investigated the phylogenetic relationships among SFB obtained from these three hosts.
Total DNAs from the intestinal floras of chickens and rats were used as templates for PCR amplification of 16s rRNA genes. PCR products were cloned and screened by a dot blot hybridization procedure to identify homologous sequences that cross-reacted with mouse SFB-specific oligonucleotide probes. A phylogenetic analysis of these 16s ribosomal DNA sequences revealed that SFB isolated from these three hosts form a natural group, which is peripherally related to the genus Cfostridiurn sensu strict0 (group I Cfostridiurn). The SFB obtained from chickens, rats, and mice had closely related, albeit different, 16s rRNA gene sequences. The observed levels of 16s rRNA sequence divergence, ca. 1.5 to 3%, together with host specificity, suggest that SFB isolated from mice, rats, and chickens represent different species and that coevolution of the SFB and their hosts occurred. "Candidatus Arthromitus" is proposed as the provisional generic name for this group of organisms.
The small intestines of many animals (e.g., mice, rats, pigs, and other mammals, as well as chickens, amphibians, and insects) are inhabited by segmented filamentous bacteria (SFB), which are also referred to as long segmented filamentous organisms (reviewed in reference 10). These bacteria cannot be cultured in vitro and do not have official taxonomic names. Until recently, SFB could be recognized only on the basis of their morphology and their ecological niches. In intestines, these gram-positive, endospore-forming organisms are attached via holdfasts to the epithelial walls. In rodents, colonization by SFB is restricted to the ileum (4). In birds, SFB are also found in the ceca (9) . No pathologic effects of SFB have been found, even in immunodeficient animals. SFB found in different animal species are morphologically very similar. However, attempts to transfer bacteria from one host species to another have revealed that SFB found in mice, rats, and chickens exhibit host specificity (1, 13, 21) . It is not known if SFB that inhabit different hosts are taxonomically closely related or whether they belong to different species.
In a recent study, the 16s rRNA-encoding gene sequence of SFB obtained from mice was determined (19) . This study was greatly facilitated by the use of a monoculture of these organisms in formerly germfree mice (12) . A comparative 16s rRNA analysis revealed that there is a phylogenetic relationship between the SFB found in mice and the genus Clostridium. Furthermore, mouse SFB-specific oligonucleotide probes were developed on the basis of 16s rRNA sequence data to facilitate the detection of SFB in mixed populations. The purpose of this study was to use these specific probes to select for 16s rRNA gene sequences of SFB found in other animal species. Analysis of such sequences should reveal information about the relationships among the SFB found in different hosts. Since SFB cannot be cultured in vitro and no pure cultures in germ-free animals other than mice exist, sequences were obtained from mixed bacterial populations. To do this, DNA from intestinal bacteria was isolated and used as a template for PCR amplification with universal 16s rRNA primers. Then cloned 16s ribosomal DNA (rDNA) was dot blotted and probed with the SFB-specific oligonucleotides developed previously. The sequences of positive clones were determined and used in a phylogenetic analysis.
MATERIALS AND METHODS
Animals. Cpb:WU rats were derived from a home-bred colony maintained under specified-pathogen-free conditions until the rats were used. These rats received RMH-TM pellets (Hope Farms) and tapwater ad libitum. The chickcns which we used were 10-day-old Sex Sals (White Rock X Rhode Island Red) chickens; they were given unsterilized Broiler Starter Fced (Southern States, Inc.) and tap water ad libitum.
Extraction of nucleic acids. The end of the small intestine of each chicken and rat was removed. In addition, the ceca of chickens were removed. The intestinal IP: 54.70.40.11
On: Tue, 11 Dec 2018 03:03:40
walls were flushed with a saline solution to remove most of the unattached bacteria. A smear was Gram stained and microscopically examined for the presence of SFB. Approximately 150 pl of intestinal contents was diluted with a saline solution so that the final volume was 500 pl. Then 5 pl of a proteinase K solution (20 mg/ml) and 25 pl of a 10% sodium dodecyl sulfate (SDS) solution were added. The resulting mixture was incubated at 55°C for 1 h. The solutions prepared in this way were extracted with phenol-chloroform (1:l) several times. Nucleic acids were precipitated by adding 0.1 volume of 3 M sodium acetate and 1 volume of isopropanol. After incubation for 1 h at -20°C and centrifugation at 5,000 X g for 10 min, the resulting pellet was washed with 70% ethanol and dissolved in 100 (19) , and a universal bacterial probe, EUB338 ( 2 ) , by using standard methods Blotting. DNA samples were spotted on a nylon membrane (Hybond N' ; Amersham International) by using a standard procedure and were covalently bound to the membrane by UV irradiation. The membrane was placed in prehybridization buffer (0.5 M Na,HPO, [pH 7.21, 1% bovine serum albumin, 1 mM EDTA, 7% SDS). The probes were 5'-labelled with [y-"PIATP by a standard procedure (1 8) . Hybridization was performed in prehybridization buffer to which labelled probe was added, and then the mixture was incubated at 37°C for 16 h. The blots were washed twice (30 min each) at a fixed stringency in 2X SSC-0.15T SDS ( I X SSC is 0.15 M NaCl plus 0.015 M sodium citrate). Thc wash temperatures uscd and the stringency of the wash solution were determined empirically. Blots were analyzed with a phosphor imager (B&L Systems, Zoetermeer, The Netherlands).
Cloning and sequencing. The amplification products obtained from two PCR per host species were digested with restriction enzymes BurnHI and Hind111 and cloned in M13mp18 by using standard methods (18) . Vector DNA was isolated from recombinant clones and screened by a dot blot proccdurc by using probes SFBlOO8 and EUB338. Cloned amplification products that reacted positively with probe SFB1008 were selected for sequencing. When M13mpl8 was used. the sequencing reactions were performed with a single-stranded DNA sequencing kit (PRISM Sequenase Terminator; Perkin-Elmer) as recommended by the manufacturer. Sequences were determined with a model 373A automatic sequencer (Applied Biosystems).
Analysis of sequence data. The sequences which we determined and the sequences of clostridial spccies obtained from the EMBL Data Library were aligned by using the program PILE UP ( 6 ) , and the alignment was corrected manually. A distance matrix was produced by using the program DNADIST of the PHYLIP package (7) , and a tree was constructed by the ncighbor-joining method with the program NEIGHBOR of the same package. The stability of the groups was assessed by performing a bootstrapp analysis with the programs SEQBOOT, DNADIST, NEIGHBOR, and CONSENSE (7) .
Nucleotide sequence accession numbers. The IhS rRNA gene sequences which we determined have been deposited in the EMBL Data Library under accession numbers X80834 (SFB from chickens) and X87244 (SFB from rats). The 16s rRNA nucleotide sequence accession number for the SFB obtained from mice is X77814.
RESULTS
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Isolation of bacteria, cloning of PCR products, and selection of clones. The intestinal samples were flushed with a saline solution. Since SFB were attached to the epithelial cells, most of the nonadhering bacteria were removed, thereby making the SFB the most dominant organisms in each sample. Cloning of the PCR products revealed that there were several clones, and high percentages of these clones reacted with the SFB-specific probe, SFB1008; 6 of 12 and 8 of 19 the clones selected from chickens and rats, respectively, hybridized with the SFB-specific probe.
Sequencing and phylogenetic analysis. Four chicken and two rat SFB rDNA insertions were characterized by perform- ing a sequence analysis. A single SFB rDNA from chickens was completely sequenced, and the sequence consisted of approximately 1,440 nucleotides (representing approximately 94% of the complete 16s rRNA primary sequence). The identities of the other host-specific SFB rDNA insertions were confirmed by partial sequencing (approximately positions 50 to 500; 16s rRNA E. coli numbering) in which three diagnostic variable regions (regions V1 to V3) were included. Not a single base difference was observed in the chicken rDNA insertions. The two rat SFB sequences were both completely sequenced and were found to be identical. Our SFB 16s rRNA sequences were compared with previously published sequences of mouse SFB and clostridial species. Figure 1 is a phylogenetic tree that was constructed from a matrix of derived evolutionary distances and shows the relationships of the three SFB which we studied and related clostridia.
DISCUSSION
The 16s rRNA gene sequences of chicken and rat SFB were found to be very similar to each other and to the sequence of a previously described mouse SFB (18) . A comparative sequence analysis revealed that the SFB obtained from the three different hosts form a natural group (level of intragroup 16s rRNA sequence similarity, >97%; bootstrap value, 100) within the C'lostridium subphylum. Phylogenetically, the SFB which we studied form a distinct line that branches proximal to the periphery of a large cluster designated Clostridiurn sensu stricto (formerly group I Clostridium of Johnson and Francis [5] ). The bootstrap data indicated that the SFB exhibit no significant affinity with any other species or group and belong to a long-isolated lineage which exhibits a level of intragroup divergence of <3% and is worthy of separate generic status.
It is evident from the comparative sequence analysis results that SFB obtained from chickens, rats, and mice represent a group containing highly related, albeit genetically different, organisms. Previous reports from independent research groups have shown that the SFB obtained from these three host species exhibit host specificity (1, 13, 21) , which indicates that these organisms belong to different species. In this context it is pertinent to note that mouse and rat SFB are more closely related to each other (level of relatedness, 98.7%) than to chicken SFB (97.2 to 97.7%). Although a precise correlation between level of 16s rRNA sequence relatedness and species differentiation is not possible (8, 20) , the level of sequence divergence exhibited by the SFB obtained from these different hosts is greater than the level of sequence divergence generally exhibited by strains of a species and in our opinion indicates that these organisrns belong to different, albeit closely related, species. SFB have been found in about 20 vertebrate animals, including humans. and several invertebrate species (10, 11) . The presence of SFB with characteristic rRNA sequences in chickens, mice, and rats indicates that there has been coevolution of the SFB and their hosts, but comparisons of sequences of SFB from a greater number of animals will be required to confirm this. In addition, more sequences need to be obtained from SFB found in other hosts, including invertebrates, to confirm this hypothesis. The phylogene tic analysis described above supplemented the previous analysis of Snel et al. (19) , and our results clearly demonstrated that SFB obtained from chickens, mice, and rats belong to a distinct lineage within the Clostn'dium subphylum at the rank of genus. Since these bacteria cannot be cultured in vitro, this genus can now be described mainly on the basis of its phylogeny and morphology. Therefore, we propose that this group of organisms should be given the provisional status Candidatus (17) . We propose the genus name Arthromitus (Ar. thro'mi.tus. Gr. n. arthron, a joint; Gr. masc. n. mitos, a thread; N. L. masc. n. Arthromitus, a jointed thread) for this group of organisms; this name was originally coined by Leidy (14, 15) for spore-forming, filamentous organisms found in the intestines of myriapods and termites. Later, SFB obtained from rodents and fowl were thought to be related to these bacteria (4, 16) . "Candidatus Arthromitus" contains gram-positive, endospore-forming bacteria which grow as septate filaments. One end of each filament is attached to the intestinal wall. "Candidatus Arthromitus" represents a new subline within the Clostn'dium subphylum. The members of this group of organisms can be divided into different species on the basis of host specificity and 16s rRNA sequences. Therefore, in addition to the Candidatus genus name, we propose that the host-specific SFB obtained from chickens, mice, and rats should be designated "Candidatus Arthromitus gall?' (gal%), "Candidatus Arthromitus muris" (mu'ris), and "Candidatus Arthromitus ratti" (rat'ti), respectively. These Candidatus species can be recognized on the basis of their 16s rRNA sequences and the host species in which they are found.
